Background
Doxorubicin is a broad-spectrum anthracycline chemotherapy agent that has been commonly used in the treatment of solid tumors, lymphoma, and leukemia. However, the clinical use of doxorubicin is associated with side-effects that include cardiac toxicity [1, 2] . Doxorubicin-induced cardiac toxicity has multiple mechanisms, including DNA damage, abnormal protein processing, reduced vascularity, and activation of innate immune responses [3] [4] [5] . However, emerging evidence suggests that the induction of free radicals is the main mechanism for doxorubicin-induced cardiac toxicity [3] [4] [5] . Doxorubicin has a specific affinity for cardiomyocytes and may be retained in the inner membrane of mitochondria, resulting in changes to mitochondrial ultrastructure and function, leading to the generation of reactive oxygen species (ROS) and cell apoptosis [6] .
MicroRNAs (miRNAs) are gene regulators that are involved in many cell processes and have critical roles in post-transcriptional regulation [7] . Previous studies have shown that miRNAs are associated with the progression of doxorubicin-induced cardiac toxicity and that these effects may be identified by measuring sensitive biomarkers for cardiac toxicity [8, 9] . A previous study has shown that microRNA-146a (miR-146a) was upregulated in cardiomyocytes following doxorubicin treatment and that the upregulation of miR-146a promoted cell death in doxorubicin-induced cardiac toxicity by targeting the ERBB4 gene [9] . Recently, Zhao et al. also showed that overexpression of miR-140-5p significantly suppressed NF-E2-related factor 2 (Nrf2) and sirtuin 2 (SIRT2) to increase doxorubicin-induced oxidative stress and cardiac dysfunction [10] .
Previous studies have identified microRNA-143 (miR-143) as a molecular regulator in cell proliferation, apoptosis, and cell migration [11] [12] [13] . Overexpression of miR-143 inhibits the progression of the cell-cycle and increases the apoptotic rate of tumor cells [14, 15] . Also, miR-143 is expressed in endothelial cells (ECs) and vascular smooth muscle cells (VSMCs), and has roles in modulating angiogenesis and the communication between ECs and VSMCs [11, 12, 16] . However, Deacon et al. showed that miR-143 was also abundantly expressed in the myocardium and was essential for cardiac function and morphogenesis [17] . Overexpression of miR-143 promoted the spread of mitochondrial membrane potential and increased ischemia-induced cardiac impairment, but miR-143 silencing prevented hydrogen peroxide-mediated cardiac progenitor cell apoptosis [18, 19] .
Therefore, this study aimed to investigate the effects and possible molecular mechanisms of miR-143 on oxidative stress and myocardial cell apoptosis in a mouse model of doxorubicin-induced cardiac toxicity.
Material and Methods

Materials
The antagomir and agomir of miR-143 and the negative controls were purchased from RiboBio (Guangzhou, China). Doxorubicin was obtained from Sigma-Aldrich (St. Louis MO, USA). Measurement of levels of malonaldehyde (MDA), and the antioxidant, glutathione (GSH), and the activity of superoxide dismutase (SOD) and NADPH oxidase (NOX) were detected using kits and were performed at the Nanjing Jiancheng Bioengineering Institute. The levels of 3-nitrotyrosine (3-NT) and 4-hydroxynonenal (4-HNE) were quantified using enzyme-linked immunosorbent assay (ELISA) kits that were purchased from Abcam (Cambridge, MA, USA). The terminal deoxynucleotidyl transferase-mediated dUTP nick endlabeling (TUNEL) fluorescence detection kit was purchased from Merck Millipore (Burlington, MA, USA). The cell counting kit-8 (CCK-8) assay and dichloro-dihydro-fluorescein diacetate (DCFH-DA) were obtained from Beyotime Biotechnology (Shanghai, China). The following primary antibodies were obtained from Cell Signaling Technology (Danvers, MA, USA) and included antibodies to phosphorylated P38 MAP kinase (P-P38, Thr180/Tyr182), total P38 (T-P38), P-extracellular signal-regulated kinase (P-ERK, Thr202/Tyr204), T-ERK, protein kinase C epsilon (PKCe), P-protein kinase B (P-AKT, Ser473), T-AKT, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
The mouse model of doxorubicin-induced cardiac toxicity and the treatment groups
The animal protocols used in this study were approved by the Ethics Committee of Jingmen First Peoples' Hospital and were in accordance with the 1996 Guide for the Care and Use of Laboratory Animals from the National Institutes of Health (NIH).
Adult male C57BL/6 mice, between 8-10 weeks old, with a bodyweight of 23-27 g, were obtained from Huafukang Bioscience Co., Ltd. (Beijing, China) and were maintained with free access to food and drink for more than one week before the study commenced. Mice were given a daily intraperitoneal injection of doxorubicin (15 mg/kg) for eight days to develop the doxorubicin-induced cardiac toxicity model, or normal saline (NS) in the control group, as previously described [3, 4] . Four days before doxorubicin administration, the mice were pretreated daily with the miR-143 antagomir, the miR-143 agomir, and the negative controls (25 mg/kg/day) for four consecutive days, by tail vein injection, as previously described [18] .
The AKT inhibitor, MK2206 (SelleckChem, Houston, TX, USA) was administered to mice by intraperitoneal injection at a dose of 66 mg/kg every other day, commencing on the fourth day before doxorubicin treatment, as previously described [20] .
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One week before doxorubicin treatment, the mice received an intramyocardial injection of the active AKT adenoviral vector (Ad-ca.Akt) (Hanbio Biotechnology Co., Shanghai, China) to overexpress AKT in the myocardium, or Ad-Gfp as the control, as previously described [21] . Briefly, the mouse thoracic cage was surgically opened at the third intercostal space, followed by intramyocardial injection with Ad-ca.Akt or Ad-Gfp (1×10 9 ) with the adenoviral genome particles diluted in 15 μl of normal saline. Injections were performed at three locations in the left ventricle. Eight days following doxorubicin treatment, all mice underwent echocardiography and cardiac catheterization measurements. The mice were observed weekly for five weeks after doxorubicin injection to determine the survival rate. At the end of the study, the mice were euthanized, and the heart was removed from each mouse for further studies.
Echocardiography and cardiac catheterization
The mice were placed on a heating pad to maintain body temperature and were anesthetized using 0.5-1.0% isoflurane followed by noninvasive echocardiography using the Vevo 770™ High-Resolution Imaging System (VisualSonics, Toronto, ON, Canada) to evaluate cardiac structure and function [22] . The mice initially underwent parasternal long and short-axis two-dimensional (2D) echocardiography at the level of the cardiac papillary muscles for the preliminary assessment of cardiac morphology. Then, a 2D guided M-mode trace was performed that crossed the left ventricle, and the morphological parameters were analyzed.
Invasive hemodynamic parameters were captured using a 1F microtip pressure-volume catheter (PVR 1045) (Millar Instruments, Houston, TX, USA) that linked to a PowerLab/4SP acquisition system (ADInstruments Inc., Sydney, Australia) [23] . The right carotid artery was surgically dissected, and then the cardiac catheter was inserted into the left ventricle through the isolated artery for the measurement of the left intraventricular pressure. Data were acquired by study investigators who were unaware of the assignment of the mouse groups.
Detection of biochemical markers of cardiac myocyte injury
Serum concentrations of cardiac troponin T (cTnT), creatine kinase myocardial band (CK-MB) isoenzyme and lactate dehydrogenase (LDH) were quantified using assay kits, as previously described [22] . The levels of malondialdehyde (MDA) and the antioxidant, glutathione (GSH), and the activity of superoxide dismutase (SOD) and NADPH oxidase (NOX) were assessed using the SpectraMax ® 190 Microplate Reader (Molecular Devices, San Jose, CA, USA) [24] . The levels of 4-hydroxynonenal (4-HNE) protein adducts and 3-nitrotyrosine (3-NT) were measured according to the manufacturer's instructions.
TUNEL staining and detection of caspase-3 activity
Cell apoptosis was detected by the TUNEL assay, according to the manufacturer's instructions, and the fluorescence staining was imaged using an Olympus DX51 fluorescence microscope (Olympus, Tokyo, Japan) with the evaluation of more than five fields per heart (6 mouse hearts per group), as previously described [25] . The percentage of TUNEL-positive cells and the ratio of TUNEL-positive to 4,6-diamidino-2-phenylindole (DAPI)-positive cells were counted and calculated independently. Caspase-3 activity was measured using a commercial colorimetric assay kit (BF3100) (R&D Systems, Minneapolis, MN, USA), as previously reported [18] . Briefly, mouse hearts or cultured cells were harvested in the lysis buffer and centrifuged at 10,000g for 1 minute with the collection of the supernatant, and detection was performed at 405 nm by a SpectraMax 190 microplate reader (Molecular Devices, San Jose, CA, USA) [18] .
Quantitative real-time polymerase chain reaction (qRT-PCR) and immunoblot analysis
Total RNA was extracted from the left ventricles of murine hearts or H9C2 cells using TRIzol reagent, and qRT-PCR was performed using PerfeCTa SYBR Green Supermix on an ABI 7500 Real-Time PCR Instrument (Thermofisher Scientific, Waltham, MA, USA) [26] . Gene expression was adjusted against GAPDH or U6. The primer sequences are shown in Table 1 . 
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Total proteins were extracted by the RIPA lysis, and the concentrations were calculated with a BCA protein assay kit. The proteins were transferred onto polyvinylidene difluoride (PVDF) membranes (Thermofisher Scientific, Waltham, MA, USA) after electrophoresis at 70V for 30 minutes and 110V for 1.5 hours. After blocking with 5% dried skimmed milk powder for 2 hours at room temperature, the membranes were incubated with the primary antibodies overnight at 4°C, followed by incubation with the secondary antibody at room temperature for 1 hour, as previously described [27] . The membranes were scanned using the ChemiDoc™ Touch Imaging System (Bio-Rad, Hercules, CA, USA) and analyzed using Image Lab Software (Bio-Rad, Hercules, CA, USA).
H9C2 cell culture and treatment
H9C2 rat cardiac myocytes were obtained from American Type Culture Collection (ATCC) (Manassas, VA, USA) and were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% FBS [28, 29] . After resynchronization in serum-free medium for 16 hours, cells were then transfected with the miR-143 antagomir (50 nM), the miR-143 agomir (50 nM), or their negative controls using Lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA, USA) for 24 hours, after which, the cells were stimulated by doxorubicin (1 μM) for another 24 hours. The AKT inhibitor, MK2206 (1 μM) was added to the medium for 24 hours to inhibit AKT, and AKT overexpression was achieved by preinfecting the cells with Ad-ca.Akt, according to the methods previously reported [30] .
DCFH-DA staining and the CCK-8 assay for cell viability
After removing the medium, H9C2 cells were incubated with serum-free medium containing DCFH-DA (10 μM) for additional 30 minutes, which were then observed using an Olympus fluorescence microscope (Olympus, Tokyo, Japan) [3] . The CCK-8 assay was performed to determine cell viability previously described [31] . The study investigators who analyzed the data were unaware of the assignment of the mouse groups.
Statistical analysis
Data were expressed as the mean±standard deviation (SD) with 95% confidence intervals (CIs). Differences between two groups were compared using the two-tailed Student's t-test. One-way analysis of variance (ANOVA) was followed by the Student-Newman-Keuls (SNK) test for multiple comparison testing. Statistical analysis was performed using SPSS version 23.0 software (IBM, Chicago, IL, USA). A P-value <0.05 was considered to be statistically significant.
Results
Inhibition of microRNA-143 (miR-143) reduced doxorubicin-induced cardiac toxicity in the mouse model
As shown in Figure 1A , doxorubicin treatment significantly upregulated miR-143 expression in vivo and in vitro, which was consistent with the findings from previous studies [14, 17] . In this study, mice were treated with the miR-143 antagomir to inhibit endogenous miR-143 expression in mouse hearts, to determine the role of miR-143 in doxorubicin-induced cardiac toxicity ( Figure 1B ).
Doxorubicin treatment resulted in significant cardiac dysfunction, as determined by the impaired cardiac fractional shortening (FS) and stroke volume, which were improved by miR-143 inhibition ( Figure 1C-1E ). Doxorubicin treatment also caused whole-body cachexia, characterized by the loss of bodyweight [3] . Also miR-143 inhibition preserved the body mass in the presence of doxorubicin toxicity, but it did not affect bodyweight in normal untreated mice ( Figure 1F ). Heart weight was significantly reduced in the doxorubicin-treated mice, which significantly improved after miR-143 inhibition ( Figure 1G ). Also, the serum concentrations of cardiac troponin T (cTnT), lactate dehydrogenase (LDH), and creatine kinase myocardial band (CK-MB) isoenzyme, which are markers for myocardial injury, were significantly upregulated in mice with doxorubicin administration compared with that in the normal saline (NS) or control group, which were significantly reduced by the miR-143 antagomir ( Figure 1H-1J ). Also, miR-143 inhibition reduced doxorubicin-induced mortality in the mice ( Figure 1K ). These findings showed that miR-143 inhibition reduced doxorubicininduced cardiac toxicity in the mouse model.
MiR-143 overexpression increased cardiac injury in response to doxorubicin toxicity
To determine the role of miR-143, mice were treated with the miR-143 agomir to increase the miR-143 levels in vivo (Figure 2A ). Functional parameters showed that miR-143 overexpression increased doxorubicin-induced cardiac dysfunction ( Figure 2B ). We also found that bodyweight and heart weight in miR-143 agomir-treated mice were further reduced in response to doxorubicin toxicity compared with that in mice treated with agomir control (Figure 2C, 2D ). Also, serum concentrations of cTnT, LDH and CK-MB were further increased after treatment with the miR-143 agomir in the presence of doxorubicin treatment, indicating that miR-143 overexpression increased cardiac injury induced by doxorubicin ( Figure 2E ).
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MiR-143 regulated doxorubicin-induced oxidative stress and myocardial apoptosis in vivo Increased production of ROS is an important initiating mechanism in doxorubicin-induced cardiac toxicity, which results in myocardial cell loss [5] . As shown in Figure 3A , miR-143 inhibition significantly reduced lipid peroxidation and restored GSH levels in the myocardium ( Figure 3A ). 4-HNE is also regarded as a stable biomarker for lipid peroxidation, whereas 3-NT is a marker of protein oxidation produced upon the nitration of protein residues. The increased levels of 4-HNE, and 3-NT were observed in doxorubicin-treated mouse hearts and was reduced by miR-143 inhibition ( Figure 3B ). Also, doxorubicin-triggered down-regulation of SOD activity and upregulation of NOX activity were both attenuated in miR-143 antagomirtreated hearts ( Figure 3C ,3D) . Myocardial apoptosis is a key feature in doxorubicin-induced cardiac toxicity that contributes to the occurrence of cardiac impairment.
Quantitative real-time polymerase chain reaction (qRT-PCR) data showed that miR-143 antagomir administration significantly increased BCL-2 gene expression while suppressed BAX level and the activity of caspase-3 was also reduced by miR-143 inhibition ( Figure 3E, 3F ). In line with the molecular alteration, TUNEL-positive cells were also reduced in mice with miR-143 antagomir treatment ( Figure 3G, 3H) , which were further confirmed by the expression of apoptosis-related proteins ( Figure 3I ). The use of the miR-143 agomir showed that miR-143 overexpression further reduced SOD activity and increased NOX activity in the presence of doxorubicin ( Figure 3J ). The level of oxidative stress was assessed by the increased concentrations of MDA, 4-HNE, and 3-NT and was increased in mouse hearts when miR-143 was overexpressed ( Figure 3K ). Also, caspase-3 activity induced by doxorubicin treatment was significantly increased by the miR-143 agomir ( Figure 3L ). These data supported that miR-143 was involved in myocardial apoptosis and oxidative stress in the mouse model of doxorubicininduced cardiac toxicity. In Figure A and B , * P<0.05 versus the matched group.
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MiR-143 regulated oxidative stress and myocardial apoptosis in response to doxorubicin in vitro
To assess the role of miR-143 in doxorubicin-induced cardiac toxicity, miR-143 antagomir, agomir, or the negative controls were used in vitro. Dichloro-dihydro-fluorescein diacetate (DCFH-DA) staining indicated that miR-143 antagomir significantly reduced doxorubicin-induced ROS generation, which was further approved by reduced MDA production and increased GSH level ( Figure 4A, 4B) . Also, the study findings showed that miR-143 inhibition restored the abnormal SOD and NOX activities induced by doxorubicin treatment (Figure 4C, 4D) . Data from qRT-PCR and immunoblot analysis of BCL-2, BAX, and caspase-3 detection both implied that miR-143 antagomir treatment significantly inhibited doxorubicin-induced myocardial apoptosis ( Figure 4E, 4F) . The detection of caspase-3 activity and cell viability further corroborated that miR-143 inhibition could prevent doxorubicin-induced cell loss ( Figure 4G, 4H) . The in vivo data were supported by the finding that the use of the miR-143 agomir increased doxorubicin-induced oxidative stress, as evidenced by the DCFH-DA staining, increased MDA content, NOX activity and d reduced SOD activity ( Figure 4I-4K ). Doxorubicin-induced myocardial apoptosis was also enhanced by miR-143 agomir, characterized by the increased caspase-3 activity and reduced cell viability ( Figure 4L, 4M ).
MiR-143 increased the AKT signaling pathway in vitro
The underlying mechanism that were responsible for the effects of miR-143 were investigated in doxorubicin-induced cardiac toxicity in vitro. Previous studies showed that miR-143 could target sprouty3 and caused its degradation, and thereby activating its downstream P38, ERK pathways [32] . Also, a previous study has shown that upregulation of miR-143 also inhibited PKCe expression and reduced the cardioprotective effects on myocardial infarction [18] . However, in the present study, the use if the miR-143 antagomir did not affec the protein levels of P38, ERK and PKCe in the presence of doxorubicin ( Figure 5A, 5B ).
Jordan et al. found that miR-143 overexpression resulted in the down-regulation of oxysterol-binding-protein-related protein 8 (ORP8) and impaired AKT phosphorylation and that miR-143 down-regulation promoted AKT activation [33] . The findings from the present study supported these previous findings, as the miR-143 antagomir reduced doxorubicin-induced inactivation of AKT, whereas miR-143 overexpression further reduced AKT phosphorylation in the presence of doxorubicin ( Figure 5A-5C ). To determine the protective role of miR-143 antagomir was mediated by AKT activation, cells were pretreated with the AKT inhibitor, MK2206. As shown in Figure 5D , 5E, miR-143 inhibition-mediated down-regulation of MDA and upregulation of GSH were abolished by AKT inhibition. Also, the inhibitory effects on caspase-3 activity and cell death were also retarded in the presence of MK2206 ( Figure 5F, 5G) . 
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However, AKT activation significantly reduced the effects of the miR-143 agomir, which increased oxidative stress and myocardial apoptosis. These effects were shown by reduced MDA production, reduced caspase-3 activity, and increased cell viability ( Figure 5H-5J ). The efficacy of Ad-ca. Akt was shown by the immunoblot, indicating an increase of AKT phosphorylation ( Figure 5K) . These results showed that miR-143 was essential for doxorubicin-induced oxidative stress and myocardial apoptosis by regulating the AKT pathway in vitro.
AKT modulation reversed the effect of miR-143 on doxorubicin-induced cardiac toxicity in vivo
Consistent with the in vitro data, MK2206 treatment significantly reduced miR-143 inhibition-mediated protective effect in doxorubicin-treated mice, as reflected by the increased levels of caspase-3 activity, MDA, and 4-HNE content (Figure 6A, 6B) . Functional parameters showed that the improved FS and stroke volume in mice assigned to the doxorubicin and miR-143 antagomir group were significantly reduced by AKT inhibition (Figure 6C ). Further detection of cTnT and LDH showed that the use of the miR-143 antagomir resulted in the loss of the 
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inhibitory effect on doxorubicin-induced myocardial injury after AKT inhibition ( Figure 6D ). The effects of the miR-143 agonist on myocardial apoptosis and oxidative stress were also prevented in mice with AKT activation, as confirmed by the reduced levels of MDA and 4-HNE, and reduced the activity of caspase-3 ( Figure 6E, 6F) . The increased cardiac dysfunction associated with the miR-143 agomir was abolished after Ad-ca.Akt injection ( Figure 6G ). The detection of serum levels of cTnT further showed that AKT activation reversed the toxic effects of the miR-143 agomir on doxorubicin-induced myocardial injury in the mouse model ( Figure 6H ).
Discussion
Doxorubicin is a broad-spectrum chemotherapeutic agent that is commonly used for the treatment of advanced-stage human cancers, but cardiac toxicity is associated with its use [2] . Although efforts have been made to reduce doxorubicin-induced cardiac toxicity, progress has been limited by the lack of understanding of the complex pathogenesis of these effects. The findings from the present study showed that mi-croRNA-143 (miR-143) was involved in the progression of doxorubicin-induced cardiac toxicity in the mouse model. In this study, miR-143 inhibition reduced doxorubicin-induced cardiac toxicity in the mouse model, whereas miR-143 overexpression 
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increased doxorubicin-induced myocardial apoptosis and oxidative stress. Also, the findings from this study showed that miR-143 acted through the AKT signaling pathway, and AKT modulation reversed the effect of miR-143 on doxorubicin-induced cardiac toxicity in vivo and in vitro. These findings provided a novel insight into the pathogenesis of doxorubicin-induced cardiac toxicity and the involvement of miR-143 in the mouse model of doxorubicin-induced cardiac toxicity.
Several cellular mechanisms have been proposed to be involved in the progression of doxorubicin-induced myocardial injury. Oxidative stress due to increased generation of reactive oxygen species (ROS) has been identified as the primary factor associated with the progression of doxorubicin-induced cardiac dysfunction [3, 10] . Previous studies showed that indicators of oxidative stress could be detected within three hours in doxorubicin-treated heart tissue samples [34] . Mitochondria are the main source of intracellular ROS and are also the most extensively injured subcellular organelles in doxorubicin-induced cardiac toxicity [35, 36] . Doxorubicin can be enriched in the inner membrane of mitochondria, where they bind to cardiolipin to disrupt normal mitochondrial metabolism and ATP synthesis [6] .
In response to oxidative stress, cells have evolved to develop a unique antioxidant mechanism to reduce ROS levels and improve cell survival. Among these mechanisms, superoxide dismutase (SOD) can catalytically reduce O 2to hydrogen peroxide, 
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and glutathione (GSH) catalyzes the degradation of hydrogen peroxide and other peroxides, thereby ensuring the redox homeostasis for normal cell physiology [10] . Unrestrained ROS generation may cause lipid and protein peroxidation and disrupt cell membrane structural integrity, leading to the activation of apoptotic cascades and ultimately causing doxorubicin-induced cardiac impairment [37] . The findings from the present study showed that miR-143 inhibition protected the cardiac myocyte, whereas miR-143 overexpression increased oxidative stress and myocardial apoptosis in the mouse model of doxorubicin-induced cardiac toxicity.
AKT is a serine/threonine protein kinase that has a critical node in regulating the cell cycle, and in cell survival and proliferation [30, 38] . Previous studies showed that AKT was inactivated by doxorubicin administration in heart samples, and AKT activation could promote cardiomyocyte survival and reduce doxorubicin-induced cardiac impairment [39] . In addition to the role in regulating cell survival, AKT also plays critical roles in reducing oxidative stress [40] . Dai and colleagues showed that AKT activation could inhibit glycogen synthase kinase 3b (GSK3b) activation, which subsequently promoted Nrf2 nuclear retention by increasing Fyn nuclear export [41] . Zhang et al. previously showed that the activation of AKT could reduce doxorubicin-induced oxidative damage by reducing GSK3b/FYNmediated Nrf2 nuclear export and degradation [3] . Lien et al. showed that AKT activation stimulated GSH biosynthesis and enhanced the total antioxidant capacity [42] . The findings from the present study showed that the effects of doxorubicin-induced oxidative damage due to miR-143 inhibition were significantly reduced with AKT inhibition and that AKT activation prevented miR-143 agomir-mediated increase in doxorubicininduced oxidative damage.
However, the detailed molecular mechanisms involved in the interaction between miR-143 and AKT phosphorylation were not identified in the present study. Previous studies showed that microRNAs could bind to the 3'-untranslated regions (UTR) of mRNAs and inhibit gene expression at the post-transcriptional level. Therefore, the effect of miR-143 on AKT phosphorylation might involve the upstream molecular AKT pathway. In addition to acute cardiac toxicity, doxorubicin treatment is associated with chronic cardiac toxicity in approximately 1.7% of patients [43] . Therefore, further studies are required, including future clinical studies, to determine the role of miR-143 on doxorubicin-induced chronic cardiac toxicity. 
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